Program on Water, Land and Ecosystems (WLE) dedicated to applied research on the safe recovery of water, nutrients and energy from domestic and agro-industrial waste streams. This SRP aims to create impact through different lines of action research, including (i) developing and testing scalable RRR business models, (ii) assessing and mitigating risks from RRR for public health and the environment, (iii) supporting public and private entities with innovative approaches for the safe reuse of wastewater and organic waste, and (iv) improving rural-urban linkages and resource allocations while minimizing the negative urban footprint on the peri-urban environment. This sub-program works closely with the World Health Organization (WHO), Food and Agriculture Organization of the United Nations (FAO), United Nations Environment Programme (UNEP), United Nations University (UNU), and many national and international partners across the globe. The RRR series of documents present summaries and reviews of the sub-program's research and resulting application guidelines, targeting development experts and others in the research for development continuum.
SUMMARY 1
This report is a slightly updated version of the 'Global Experiences in Water Reuse' chapter of the Guidelines for Water Reuse, published in 2012 by the U.S. Environmental Protection Agency (USEPA 2012) in collaboration with the U.S. Agency for International Development. The primary objectives of this globally oriented chapter were to (1) review a range of drivers, barriers, benefits, and incentives for water reuse and wastewater use outside of the United States; (2) outline the state of, and geographic variation in, water reuse and wastewater use; and (3) review paths for expanding the scale of safe and sustainable water reuse and wastewater use in different contexts as also discussed in the frame of the Sustainable Development Goals (SDGs).
Discussion draws on experiences from 41 global case studies 2 that provide an array of approaches to safe and sustainable water reuse. The cases show that pressure on the world's water resources has been growing dramatically, and climate change is accentuating patterns of droughts and floods. Water scarcity is affecting communities around the world, presenting an incredible opportunity for collaboration on technical solutions, including lowcost, low-energy innovation or multi-purpose schemes as being described in several case studies. Some of the notable recent developments in global water reuse include advances in agricultural reuse, Singapore's advanced reuse technology, and experiences with stakeholder participation in reuse planning, notably in Australia. Current challenges in reuse, including economic models for partial or full cost recovery and technical challenges in nutrient recovery and energy efficiency, are also opportunities for international exchange.
Several cases flag the need for reuse installations which ensure that the water produced has the appropriate water quality for the intended use. Water reuse market growth is projected to take this approach-designing reuse for a specific purpose to achieve economic efficiency. Both highand low-tech solutions are imminently relevant to tuning our approaches and, as mentioned above, multiple endpoints may be appropriate for multi-purpose systems. The case studies show an encouraging spectrum of options where increased sanitation and wastewater management efforts in resource-constrained countries can move unplanned wastewater use to planned reuse, while taking advantage of modern treatment and non-or post-treatment options for safeguarding public health. With increasing population pressures for more available water resources, increasing recovery of the water resource from wastewater can help in meeting the total water needs of many nations.
INTRODUCTION
This report provides an overview of global experiences in water reuse. The primary objectives of this report are to (1) review a range of drivers, barriers, benefits, and incentives for water reuse and wastewater use outside of the United States; (2) outline the state of, and geographic variation in, water reuse and wastewater use; and (3) review paths for expanding the scale of safe and sustainable water reuse and wastewater use in different contexts. Discussion is provided to address these objectives; it draws on experiences from 41 global case studies that provide an array of approaches to safe and sustainable water reuse. While the USEPA guidelines focus on water reuse, the global abundance of wastewater use and the gray lines dividing water reuse and wastewater use have led the contributors to broaden the scope of this report to discuss both water reuse and wastewater use outside of the United States.
The planning, technical, institutional, and socio-economic settings in which water reuse is practiced varies both among and within countries as a function of specific geographic and economic conditions. As a result, it is important to define the context of these practices, as well as provide case study examples of these practices.
Defining the Resources Context
As this report examines water reuse across a spectrum of resource contexts, it is necessary to draw a distinction between resource-endowed and the resource-constrained countries. For the purposes of this report, the term "resourceendowed" countries or settings will refer to locations in high-income or "developed" countries, and "resourceconstrained" countries or settings will refer to locations in low-income or "developing" countries. Locations in middleincome countries or settings may fall into either category depending on the context. Most resource-endowed countries have established human health risk guidelines or standards that involve hightechnology/high-cost approaches. This enables the institution of practices that extend beyond protecting human health to providing environmental protection and restoration. Many resource-constrained countries have considered adopting an approach to protecting human health based on the World Health Organization (WHO) recommendations in the WHO Guidelines for the Safe Use of Wastewater, Excreta, and Greywater, which usually entail a fit-for-purpose, gradational process toward reducing health risks (WHO 2006) .
Planned Water Reuse and Wastewater Use
For this original chapter 9 of USEPA (2012) which is reproduced in this report, it was necessary to make a distinction between 'water reuse' and 'wastewater use' (see Appendix A).
As defined in USEPA (2012) , water reuse is the use of treated municipal wastewater. Globally, water reuse occurs both in resource-constrained settings using low-cost methods Wastewater use is the intentional or unintentional use of untreated, partially treated, or mixed wastewater that is not practiced under a regulatory framework or protocol designed to ensure the safety of the resulting water for the intended use. This practice does not occur in the United States, as wastewater treatment is ubiquitous. Wastewater use occurs mainly for agricultural irrigation, and often it is officially prohibited, yet unofficially tolerated (informal irrigation sector) because many people derive their livelihoods from access to untreated or partially treated wastewater. Wastewater use may occur, for example, where wastewater is knowingly taken from outfall pipes or drainage canals because it is easily accessible at no cost or can confer benefit over other sources because of its high nutrient content when water is used for irrigation. Wastewater use can also occur where water is taken from natural streams or river channels that contain large loads of untreated wastewater mixed with freshwater. It should be noted that these definitions do not include any judgment about water quality and related health risks. In resource-constrained countries, for example, the quality of "treated" wastewater in a planned reuse project can be worse than that of untreated, but diluted, wastewater collected from streams.
Although wastewater use can have various livelihood benefits and support food security, it presents serious risks to human health from a range of pathogens that may be contained in the wastewater, as described, for example, in USEPA (2012, chapter 6). In addition, where urban or agricultural runoff or industrial wastes impact wastewater, chemical pollutants may also be present. Exposure to untreated wastewater is a likely contributor to the burden of diarrheal disease worldwide (WHO 2004) . Epidemiological studies suggest that the exposure pathways to the use of wastewater in irrigation can lead to significant infection risk for the following groups:
Farmers and their families-Several epidemiological investigations have found excess parasitic, diarrheal, and skin infection risks in farmers and their families directly in contact with wastewater. There is, in particular, a high prevalence of hookworm disease and ascariasis infections among those who do not use protective gear as the organisms that cause those infections (hookworm and roundworm) are common in hot climates (WHO 2006) .
Populations living near wastewater irrigation sites, but not directly involved in the practicePopulations, particularly children, living within or near wastewater irrigation sites using sprinklers may be exposed to aerosols from untreated wastewater and at risk of bacterial and viral infections (Shuval et al. 1989 ).
Consumers of raw produce irrigated with wastewater-Excess diarrheal diseases and cholera, typhoid, and shigellosis outbreaks have been associated with the consumption of wastewater-irrigated vegetables eaten uncooked (WHO 2006) . In Ghana, for example, a burden of disease of 12,000 disability-adjusted life years (DALY) annually, or 0.017 DALY per person per year was estimated, which represents nearly 10 percent of the WHO-reported DALYs occurring in urban Ghana due to various types of water-and sanitation-related diarrhea (Drechsel and Seidu 2011) . The contribution of wastewater use, and in particular its impact on consumer food safety, has not been quantified so far at larger scale.
In cases where wastewater treatment prior to use is not possible, alternative strategies for protecting human health need to be evaluated and applied Amoah et al. 2011 ). In such cases, guidelines for the development, contracting, and implementation of water reuse can facilitate the transition from wastewater use to planned reuse systems. A table with links to international regulatory websites is provided in Appendix B.
International Case Studies
A broad range of global water reuse practices are discussed in this report and in accompanying case studies. The geographic location and reuse application associated with each case study is displayed in Figure 1 . As a group, the 41 cases illustrate water reuse experiences in a variety of contexts and demonstrate the possibilities for expanding the scale of safe and sustainable water reuse practices across geographies and resource settings. Throughout the text, the case studies are referenced by a code name in brackets. All cases can be found in Appendix E of the free online version of USEPA (2012). In addition, over sixty case studies from only the United States are presented in USEPA (2012), which are not considered in this report. 
FIGURE 1 LEGEND

OVERVIEW OF GLOBAL WATER REUSE
Types of Water Reuse
Water is reused worldwide for agriculture, aquaculture, industry, drinking water, non-potable household uses, landscape irrigation, recreation, and groundwater recharge.
These uses are described in greater detail in Lazarova et al. (2013) and USEPA (2012, chapter 3) . Figure 2 shows types of reuse after advanced (tertiary) treatment, which describes a portion of the actual reuse practiced worldwide. (USEPA 2012, chapters 3 and 6) . In addition to storage for nonpotable reuse (e.g., for agricultural or landscape irrigation, industrial use, etc.) or indirect potable reuse, replenishment of aquifers experiencing higher rates of withdrawal than natural recharge can prevent saltwater intrusion in groundwater supply in coastal areas and supplement groundwater base flows to promote ecosystem health. On a de facto basis, wastewater-impacted aquifer recharge is widespread. Often highly polluted and only partially treated (if at all) wastewater drains to rivers or drainage canals connected to underlying unconfined aquifers that may be used for drinking water.
Agricultural Applications
Regardless of the type of reuse application, water quality issues are an important dimension. Ideally, the wastewater source and type of treatment should be matched to the eventual reuse application, also known as "Fit for Purpose" (USEPA 2012, chapter 1). Reclaimed water suppliers may need to be certified and provide proof of compliance with water quality specifications before they are allowed to supply water to consumers, and systems should be in place to store and retreat water that fails to meet standards and to avoid cross-connection between the distribution systems for reclaimed water and potable drinking water.
Magnitude of Global Water Reuse
The total volume of domestic wastewater generated in the world every day is estimated to be between 180 and 250 billion gallons (680 and 960 million m³), as shown in Table 1 ( GWI 2009; FAO 2010) . The current global capacity to treat wastewater to advanced levels (like tertiary treatment) is approximately 8 billion gallons per day (32 million m³/day), or only 4 percent of the total volume of wastewater that is generated (GWI 2009). The volume of wastewater treated beyond secondary treatment for reuse has grown by an average of 500 million gallons per day (2 million m³/day) each year since 2000, allowing a greater proportion of water to be safely reused (GWI 2009 ). Wastewater production is likely to increase with population growth; with expanded sewerage networks there is great potential for expanding the magnitude of global water reuse, especially for high-end usages. There is limited reliable data documenting quantities of water reuse and wastewater use in the agricultural sector. The limited evidence that does exist, which is not geographically comprehensive, suggests that the area of land irrigated with untreated wastewater is more than 10 times as great as the area irrigated with reclaimed water . Rough estimates suggest that about 20 million ha of agricultural land is irrigated with mostly untreated wastewater globally (Figure 3 ), and crops produced from such irrigation comprise 10 percent of global agricultural production from irrigation (Scheierling et al. 2010; ). As such, the proportion of wastewater used in agriculture may be far greater than that shown in Figure 3 , which only summarizes documented cases.
TABLE 1. GLOBAL DOMESTIC WASTEWATER GENERATED AND TREATED (IN BILLION GALLONS PER DAY AND MILLION CUBIC METERS PER DAY).
Growth in the global water reuse sector is expected to migrate from being dominated by agricultural reuse toward higher-value applications, mostly in municipal applications, such as potable, industrial, and landscape irrigation reuse. China, the United States, Spain, Mexico, India, Australia, Israel, Kuwait, Japan, and Singapore lead the world in total installed advanced water reuse capacity to date (GWI 2009 
OPPORTUNITIES AND CHALLENGES FOR EXPANDING THE SCALE OF GLOBAL WATER REUSE
While the opportunities for expanding reuse are quite significant, there are some challenges related to the countryspecific drivers, the regional variation of climate, social acceptance, and financial resources. While some of these factors are barriers to reuse, the benefits of expanding the water reuse will likely outweigh the challenges, ultimately paving the way for reuse to become an ever-growing part of the global water resource/water supply solution.
Global Drivers
Global water reuse is primarily driven by two main factors. First, reuse is a response to rising demand for water and limitations on freshwater availability. Second, water reuse is driven by a desire to capture and harness the economic benefits of wastewater. Wastewater use, on the other hand, is usually driven by the lack of wastewater collection and/or treatment facilities, resulting in untreated wastewater being discharged into the environment where, especially in urban and peri-urban areas of resource-constrained settings, safer water sources are difficult to find (Jimenez et al. 2010; Scott et al. 2010 ).
The first group of drivers for water reuse typically catalyzes reuse in areas of physical water scarcity, such as the Middle East and North Africa region, Australia, Singapore, and parts of southern Africa. Thus, poor water resources management and climate change may exacerbate conditions of scarcity in some countries and create conditions of scarcity in others.
In resource-endowed settings, a desire to protect freshwater resources has fostered the creation of environmental regulations that limit the quantity of water available for human use and uphold standards for the quality of effluent resulting from such use. Application of these regulations has, in turn, promoted greater reuse of existing water rather than development of new water sources.
Economic considerations are also beginning to drive water reuse in high-resource contexts, as the possibility of marketing reclaimed water as a commodity holds the promise of partial return on investment for wastewater treatment (Jimenez et al. 2010) . Trends in resource-endowed settings are moving toward the use of treated water at increasingly higher water quality standards for higher-value uses, such as industrial and municipal uses. The prospect of water scarcity begins to discourage lower-value uses, such as agricultural irrigation and aquifer recharge and free or heavily-subsidized use of reclaimed water (GWI 2009). Economic benefits associated with formal water reuse projects are more likely to be achieved over longer timeframes compared to shorterterm gains from transporting water from distant sources, groundwater mining, and reservoir construction (GWI 2009). Wastewater use is often driven by resource constraints and high rainfall variability; wastewater may constitute a large proportion or even all of the flow in water bodies during the dry season. Scarcity of safe water due to the pollution of water resources with wastewater is common in lowresource contexts across any climate, leading to wastewater use. Indeed, in resource-constrained settings, untreated wastewater can serve as an economic resource for poor urban and peri-urban farmers. In many instances, these farmers have no viable alternative to the use of wastewater for their livelihood needs, yet use of such wastewater or polluted stream water often poses a significant threat to the public health of producers and consumers of farm products if not appropriately addressed. An interesting case of wastewater use comes from Pakistan, where local farmers, following extensive legal cases and now with permission from the local water and sanitation authority, have installed a permanent conveyance of untreated wastewater to their irrigation networks. While there is an existing wastewater stabilization pond farmers have been opposed to using treated effluent, as it was much lower in nutrients and much higher in salinity (as a result of massive evaporation from the waste stabilization pond) than untreated wastewaterevidenced, for example, in the [Pakistan-Faisalabad case].
Regional Variation in Water Reuse
Factors affecting the regional dynamics of water reuse include economic development priorities, water management options, environmental and climatic factors, social acceptance, and availability of financial resources. Water reuse in the Middle East and North Africa region is typically driven by water scarcity. Some high-income countries in the region use desalination to meet drinking water supply needs and use reclaimed water for agricultural and landscape irrigation using standards based on California Title 22. Middle-and low-income countries in the region use partially-treated or untreated wastewater primarily for specific restricted types of agricultural irrigation and utilize the previous WHO (1989) guidelines to inform approaches to improve human health and safety of water reuse practices (Jimenez and Asano 2008).
Analysis of reuse patterns in sub-Saharan Africa is hampered by a lack of reliable data. Limited existing evidence suggests that water reuse is driven by water scarcity (Jimenez et al. 2010) . In this region, wastewater serves as a reliable water supply for multiple uses and as a source of high nutrient content for agricultural irrigation. Although much of the wastewater use in this region is informal and occurs in the agricultural sector, one of the most high profile and pioneering examples of potable water reuse is a 40-year ongoing project in Namibia involving direct human consumption of highly-purified reclaimed water (Lazarova et al. 2013 ).
In northern Europe, water reuse is practiced primarily for environmental and industrial applications, whereas in southern Europe, environmental and agricultural applications dominate. Practices generally follow the WHO (1989) guidelines or regulations that closely emulate California Title 22 standards.
Across Central and South America, water reuse is driven by water scarcity and by a desire to recycle wastewater nutrients in areas of poor soil quality. Water scarcity is, for example, the main driver for planned reuse in the drier areas of the Caribbean islands, Mexico, and Peru. But lack of sanitation is also leading to some of the largest areas of wastewater use globally, like in Mexico and Chile. Agricultural irrigation is the primary application. Wastewater use dominates, although there are many documented cases of planned reuse projects. WHO (1989) guidelines are used to improve the safety of reuse practices, but implementation is not universal.
The situation in Asia varies among its subregions. While China and India show significant progress in high-quality reuse (GWI 2009), both countries are still among the global leaders of unplanned use of wastewater (Figure 3 ), often via contaminated streams. Poor sanitation is also driving wastewater use across Central Asia and, to an even greater degree, Southeast Asia, where, in addition to agriculture, wastewater-fed aquaculture is also common.
Reuse in Australia is driven by both water scarcity and high environmental standards. Key applications include industrial mining, agricultural irrigation, and recreation. National coordinated water policies have incentivized expansion of water reuse practices, and regulations recognize a combination of natural treatment and advanced technology approaches, but also the need for full stakeholder participation in the planning process.
Global Barriers to Expanding Planned Reuse
From a technical standpoint, water reuse is a logical part of the overall water supply and water resources management solution. However, there are projects that are technically feasible but do not get implemented. In these cases, the barriers to implementing reuse are often related to public perception/ education, institutional, or economic concerns. Thus, a discussion of these non-technical barriers to expanding planned reuse is provided in this section.
Institutional Barriers
A basic driver of wastewater use-and barrier to wastewater treatment and planned reuse-in much of the world is the dearth of effective collection and treatment systems for fecal matter and sewage (Table 3 ). In resource-endowed urban areas, comprehensive sewer system coverage serves as a conduit for wastewater to be channeled to treatment plants in order to be safely released or reused. In resourceconstrained settings, however, such infrastructure often either does not exist or does not terminate in functional treatment plants. While developing an extensive sewerage network is often a recommended step toward improving water reuse, it is important to recognize that improvements in on-site sanitation systems and related collection services can also significantly reduce the environmental burden and health risks associated with wastewater management. While lack of appropriate infrastructure poses a constraint on water collection, treatment, and safe reuse in some areas, there are at least two broader institutional barriers to planned water reuse. They are 1) limited institutional capacity to formulate and institutionalize enabling legislation and to subsequently conduct adequate enforcement and monitoring of water reuse activities, and 2) lack of expertise in health and environmental risk assessment and mitigation. One limiting factor is a lack of political will to formalize an existing use of untreated or partially treated wastewater due to the institutional and enforcement hurdles that must be put in place to monitor planned reuse. Governments may feel they lack the capacity and budget to adequately implement these necessary reforms and thus risk causing farmers to lose access to existing sources of irrigation water. An underlying basis for these barriers, in turn, has been a funding bias towards conventional infrastructure investments, which may not always be fit-for-purpose (Nhapi and Gijzen 2004; Libhaber and Orozco-Jaramillo 2013) . A critical issue, highlighted in subsequent sections, is adapting regulations and institutional capacities to local contexts to achieve the achievable rather than adopting over-ambitious policies that spur few sustainable, on-the-ground improvements.
In view of Table 3 it is worth noting that China has placed a strong emphasis on installing urban wastewater treatment over the past decade. As of 2010, 75 percent of Chinese cities are now connected to wastewater treatment, according to official governmental estimates (Xinhua 2011) .
Public Perception/Educational Barriers
One of the key reuse barriers is public perceptions that may drive fear of the dangers of consuming water or food produced with reclaimed water, spurring a preference for use of freshwater. Concerns about the failure of conventional treatment technologies to remove trace organic compounds, such as pharmaceuticals and endocrine disruptors, are also a growing impediment to reuse especially for drinking water supply purposes (GWI 2009). However, successful potable reuse projects and increased familiarity with advanced treatment technologies, such as Ultrafiltration, Reverse Osmosis, and Ultraviolet disinfection, signal a possibility that public discomfort with potable reuse may be declining (GWI 2009). As described in USEPA (2012, chapter 8), public outreach programs to build awareness and involve community members in planning can change resistance to reuse. In San Diego, California, for example, intense public opposition to water reuse changed over a period of many years, largely because of public outreach and stakeholder involvement, in addition to the economic driver of local water scarcity (USEPA 2012).
In resource-constrained settings, public attention to risks of using untreated wastewater has not reached the level of attention as in resource-endowed settings. However, public attitudes are subject to change, particularly in response to real or perceived failures or contamination events and associated media attention (Wintgens and Hochstrat 2006) . Establishing a regulatory framework for water reuse practices and health-or environmental-based standards or guidelines, ideally based on internationally-recognized guidelines, should be a first step (Jimenez and Asano 2008). To promote risk awareness and behavior change, educational campaigns and social marketing techniques will be required where obvious benefits are not perceived (Karg and Drechsel 2011) .
As discussed in USEPA (2012, chapter 8), proper use of language that does not stigmatize reclaimed water is also important when water professionals communicate water reuse ideas to the public. Words such as "wastewater reuse," "reused water," etc., are stigmatizing and negative to the public while "water recycling," "new water," "purified water"-and to a lesser extent "reclaimed water"-might be more appealing and likely to promote public acceptance (Macpherson 2012 
Economic Barriers
The long-term economic viability of reuse projects also represents an important barrier to water reuse. Reclaimed water is often priced just below the consumer cost of drinking water to make it more attractive to potential users, but this may also affect the ability to recover costs (Jimenez and Asano 2008). Distortion in the market for drinking water supply complicates the pricing of reclaimed water, as does the lack of accounting for externalities, including water scarcity and social, financial, and environmental burdens of effluent disposal in the environment (Wintgens and Hochstrat 2006; Sheikh et al. 1998) . Although there is a movement towards increased or even full operations and maintenance cost recovery in the large markets of agriculture water reuse such as Morocco, Tunisia, and Jordan, this is still the exception among many state-run service providers. There may, however, be opportunities to set different tariff levels for different classes or types of users, thus subsidizing the resource for the poor while recovering costs from groups that are able to pay. Finally, financing of up-front costs remains an important barrier to introducing new reuse programs and often requires government intervention in the form of grants or subsidies combined with eventual revenues.
Organizational Barriers
Fragmentation of responsibilities for and authority over different parts of the water cycle is another impediment that must be overcome before water reuse projects can go forward. In many regions the authority over the water supply sector resides in an entirely different organization than that over wastewater management. This separation of powers leads to long periods of inaction, stalemate, disagreement, negotiation, and complex interagency agreements that make the resulting water reuse project far more costly and complex than need be. Regions where the same authority manages water, wastewater, stormwater, and the watershed are far more nimble, implementing their water reuse projects quickly, efficiently, and at much lower cost (Sheikh 2004 ).
Benefits of Expanding the Scale of Water Reuse
Similar to the factors driving current levels of water reuse, a range of incentives for increasing, especially, planned water reuse in the coming years appear to exist. Indeed, there are at least several economic, environmental, and social benefits that can be achieved through expanding safe and sustainable reuse of water.
First, there is an opportunity to increase water availability and reliability without tapping new water sources, which either may not exist or may carry adverse consequences. For example, as there has been increased opposition on environmental grounds to dam-building projects, new desalination plants, and groundwater mining as a means of securing new water supplies, water reuse has emerged as a viable and more environmentally-sound alternative (GWI 2009). Water reuse also avoids environmental pollution caused by releasing wastewater, treated or not, to receiving streams. Reclaimed water is available continuously, even during drought periods, and is produced where people live. Additionally, the use of reclaimed water may augment natural flows in surface waters (with cascading positive effects on ecosystem health and biodiversity) and may contribute to rising groundwater tables where reclaimed water is used for crop or landscaping irrigation, as has been documented in parts of Mexico (IWMI 2006) . Second, reuse provides opportunities to recover valuable resources, including water, energy, and nutrients. Third, expanding safe and sustainable water reuse helps reduce the human health costs associated with unplanned wastewater use. Finally, increasing water availability through reuse may help to reduce conflicts over water due to scarcity or resource limitations.
Some benefits are specific to or more commonly occur in resource-endowed or resource-constrained settings. For example, recreational (contact or non-contact) or aesthetic benefits may be experienced in resource-endowed settings when water is reused in urban water features and stream restoration projects. Benefits that are more likely to occur in resource-endowed contexts include partial recovery of treatment costs; savings on production costs in industrial reuse scenarios; and cost savings when treatment is matched to eventual reuse applications. In resourceconstrained settings, likely benefits include increased nutrition, food security, and income (Keraita et al. 2008 ) for farmers, as well as other groups along the urban/peri-urban agricultural value chain, including women who are often traders of urban agricultural products in Sub-Saharan Africa (IWMI 2006).
IMPROVING SAFE AND SUSTAINABLE WATER REUSE FOR OPTIMAL BENEFITS
There are different options for optimizing benefits of safe and sustainable water reuse. In areas where wastewater use is currently being practiced, there are ways to reduce the associated risks without treating wastewater prior to use. It may also be possible to begin transitioning to wastewater treatment and water reuse when certain factors are present. Finally, in areas where water reuse is currently occurring, there are ways to optimize benefits of reuse by transitioning to higher-value uses and imposing stricter regulations for environmental conservation.
Importantly, the sheer scale of the opportunity (or challenge) for increasing safe and sustainable water reuse may call for use of any combination or all of these approaches. There is indeed tremendous potential to increase the scale of safe and sustainable water reuse, for at least two reasons. First, as highlighted above, only a small proportion of wastewater that is currently generated is used in a planned context for high-value applications. Second, given trends in population growth and urbanization, the quantity of wastewater generated is likely to increase substantially in the future.
Reducing Risks of Unplanned Reuse: The WHO Approach
Improving safe and sustainable water reuse in areas of currently unplanned practice has been greatly influenced by the WHO guidelines (1989, 2006) . In 2006 the WHO released a four-volume report titled Guidelines for the Safe Use of Wastewater, Excreta and Greywater. The first volume focuses on policy and regulatory aspects of wastewater, excreta, and graywater use; the second volume focuses on use of wastewater in agriculture; the third volume focuses on wastewater and graywater use in aquaculture; the fourth volume focuses on excreta and graywater use in agriculture. The discussion in the WHO guidelines is limited to wastewater, excreta, and graywater from domestic sources that are applied in agriculture and aquaculture.
Rather than relying on water quality thresholds as in past editions (WHO 1989) , the most current WHO guidelines (2006) adopt a comprehensive risk assessment and management framework. This risk assessment framework identifies and distinguishes among vulnerable communities (agricultural workers, members of communities where wastewater-fed agriculture is practiced, and consumers) and considers trade-offs between potential risks and nutritional benefits in a wider development context. As such, the WHO approach recognizes that conventional wastewater treatment may not always be feasible, particularly in resource-constrained settings, and offers alternative measures that can reduce the disease burden of wastewater use. The specific approach utilized by the WHO (2006) guidelines is to 1) define a tolerable maximum additional burden of disease, 2) derive tolerable risks of disease and infection, 3) determine the required pathogen reduction(s) to ensure that the tolerable disease and infection risks are not exceeded, 4) determine how the required pathogen reductions can be achieved, and 5) put in place a system for verification monitoring. The health protection measures listed in Table 4 could be implemented to improve the unsafe use of diluted wastewater for vegetable production pictured in Figure  4 . Safety measures which require on-farm infrastructure might however require more tenure security than urban farmers usually have as the [Senegal-Dakar case] shows.
The most effective health protection recommendation is to ensure that the crops produced are not eaten raw. However, this option requires appropriate monitoring capacity and viable crop alternatives for farmers. Other options include on-farm treatment and application techniques, as well as the support of natural die-off 6 and natural attenuation in non-edible aquatic plants lining irrigation canals 7 . There is reported success of blending of wastewater with higherquality water to make it more suitable for production 
B. On-farm options
Alternative land and water source 6-7 In Ghana, authorities supported urban farmers using wastewater by drilling wells. In Benin, farmers were offered alternative land with access to safer water sources.
Crop restriction (i.e., no food crops 6−7 Depends on (a) effectiveness of local enforcement of crop eaten uncooked) restriction, and (b) comparative profit margin of the alternative crop(s).
On-farm treatment:
(a) Three-tank system 1−2 One pond is being filled by the farmer, one is settling and the settled water from the third is being used for irrigation. Method of wastewater application:
(a) Furrow irrigation 1−2 Crop density and yield may be reduced.
(b) Low-cost drip irrigation 2−4 2-log unit reduction for low-growing crops, and 4-log unit reduction for high-growing crops.
(c) Reduction of splashing 1−2 Farmers trained to reduce splashing when watering cans used (splashing adds contaminated soil particles on to crop surfaces which can be minimized).
Pathogen die-off (wastewater) 0.5−2 Die-off support through irrigation cessation before harvest per day value depends on climate, crop type, etc.).
C. Post-harvest options at local markets
Overnight storage in baskets 0.5−1 Selling produce after overnight storage in baskets (rather than overnight storage in sacks or selling fresh produce without overnight storage).
Produce preparation prior to sale 1−2 (a) Washing salad crops, vegetables and fruit with clean water.
2−3 (b) Washing salad crops, vegetables and fruit with running tap water.
1−3 (c) Removing the outer leaves on cabbages, lettuces, etc.
D. In-kitchen produce-preparation options
Produce disinfection 2−3 Washing salad crops, vegetables and fruit with an appropriate disinfectant solution and rinsing with clean water.
Produce peeling 2 Fruits, root crops.
Produce cooking 6−7 Option depends on local diet and preference for cooked food.
In addition to the risks from pathogen contamination, wastewater may have chemical contaminants from industrial discharges or stormwater runoff. The WHO (2006) guidelines provide maximum tolerable soil concentrations of various toxic chemicals based on human exposure through the food chain. For irrigation water quality, WHO refers to the FAO guidelines, which focus on plant growth requirements and limitations (Ayers and Westcot 1985; Pescod 1992 ).
The WHO guidelines do not specifically address how to reduce chemical contaminants from wastewater for use in irrigation. Resource-constrained countries may have historically been less prone to heavy metal contamination that is associated with industrial activities; with notable exceptions (e.g. tanneries). But where industries are emerging, industrial source control measures are required to avoid potential contamination of water bodies used for irrigation. Likewise, where required, stormwater should be diverted and treated to remove pollutants. Alternative options for lowincome countries to reduce the potential risk of chemical contamination, like through phytoextraction, crop selection, and soil treatment are limited (Simmons et al. 2010 ).
Expanding and Optimizing Planned Water Reuse
As countries or municipalities in resource-constrained settings build operational and financial capacity, reuse safety should progress incrementally from on-farm and off-farm safety options to centralized or decentralized wastewater treatment, while establishing sound regulatory and monitoring protocols (Von Sperling and Fattal 2001; Drechsel and Keraita 2010; and Scheierling et al. 2010 ). This step-wise approach, recommended by WHO (2006) , provides local public health risk managers with flexibility to address wastewater irrigation risks with locally viable options matching their capacity within a multi-barrier framework ( Figure 5 ), instead of struggling to achieve water quality threshold levels as the only regulatory option (Von Sperling and Chernicharo 2002).
When treatment capacity has increased and irrigation water quality can be managed, the introduction of water quality standards should follow a similar incremental approach. The shift from water quality standards (WHO 1989) to healthbased targets (WHO 2006) , has helped to support a much broader range of measures for improving safe water reuse.
Reuse schemes often evolve from household and decentralized systems to eventual centralized urban systems (Scheierling et al. 2010) . However, it is important to remember that household and decentralized schemes may continue to be desirable in high-resource settings for some applications, such as graywater reuse for toilet flushing and sewer mining ([Palestinian Territories-Auja] and [AustraliaGraywater]). 9 The regulatory framework for reuse in these contexts should continue to support small-scale and potentially low-cost options where appropriate and where health and environmental risks can be minimized.
Wastewater quality regulations and standards from 28 countries are compiled by GWI (2011). Common challenges associated with establishing and implementing standards, especially in countries with limited resources, are summarized in Table 5 , along with options to overcome these challenges.
Appropriate technologies and practices for wastewater treatment for agricultural reuse are one way to reduce risks to public health where direct wastewater use is prevalent. There is a wide range of wastewater treatment options for safe water, nutrient recovery, and irrigation with particular relevance for resource-constrained countries. Many experts in the field have summarized appropriate treatment 9 Evidenced in [Japan-Building MBR] and [Australia-Graywater] case studies.
FIGURE 4. REDUCING THE PATHOGENIC HEALTH RISKS FROM UNSAFE USE OF DILUTED WASTEWATER.
(Pictured left) The use of diluted untreated wastewater is prevalent in vegetable production in West Africa, such as here from a wastewater canal (Photo credit: IWMI). In the absence of wastewater treatment, possible pathogenic health risks from unsafe wastewater use could be reduced by implementing on-farm, post-harvest, and in-kitchen protection measures. (Pictured right) One on-farm option is the use of settling basins prior to irrigation. Comprehensive risk reduction is best achieved when multiple measures are used in combination (Photo credit: Andrea Silverman).
options, including Mara (2004) , Laugesen et al. (2010) , Von Sperling and Chernicharo (2005) , and Libhaber and Orozco-Jaramillo 2013. As advances are made to drive down the cost of centralized and decentralized treatment technologies in resource-endowed contexts, some of the "high-tech" technologies may be adapted to lower-resource settings. Advances in decentralized wastewater treatment technologies and schemes may be particularly relevant in rapidly growing urban contexts where installation of centralized collection and treatment infrastructure is not cost-effective. However, decentralized systems are not a panacea where institutional capacities are generally low (Murray and Drechsel 2011) .
When transitioning from wastewater use to planned reuse, it is important to consider a country or city's readiness to sustain investments in wastewater collection and treatment and the value added by treatment versus risk reduction through non-treatment barriers. There is no shortage of sanitation infrastructure that has fallen into disrepair, for example, and restrictions associated with reuse of treated wastewater has at times caused farmers to return to using untreated wastewater (Scheierling et al. 2010) . It is therefore necessary to move toward planned reuse in a circumspect, phased approach whereby initial implementation is monitored for efficacy and sustainability before a larger-scale initiative is undertaken. Moving from wastewater use toward planned reuse requires a context-specific approach in light of institutional limitations and resource constraints. The following lessons of transitioning to wastewater collection, treatment, and reuse can be drawn from global experiences:
Consider overall infrastructure needs. In many cities of the world without functioning wastewater collection systems, stormwater and wastewater flow through unlined engineered or natural drainage paths. The cost of upgrading or constructing a collection system must be considered.
Consider local capacities. A key consideration in choosing appropriate treatment technologies is operator capacity. If a water reuse scheme is being planned and institutionalized at the municipality level, as exemplified in several case studies from India
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, as opposed to a community or small institution scale 11 , a different set of technologies and practices will be appropriate and perhaps required in consideration of differing operator capacity, sophistication, and resource levels. Treatment and reuse schemes should therefore be designed to align with the social, environmental, technological, and economic circumstances of the target location/operator to achieve maximum sustainability (Von Sperling and Chernicharo 2002; Nhapi and Gijzen 2004) .
Match treatment approach with reuse application at design stage. Several considerations should be taken into account when choosing an appropriate set of technologies to incorporate into the design of a planned reuse scheme. The treatment approach should be chosen to match the intended reuse application at the design stage rather than retrofitted after construction (Huibers et al. 2010; Murray and Buckley 2010) . This approach may represent a departure from conventional approaches that treat wastewater immediately to meet water quality standards for discharge to receiving waters. This goal may not be achievable where there is an existing wastewater treatment plant and no capability to convey treated wastewater directly to the reuse application. It also may not apply where the reuse application can only absorb a small amount of the discharged wastewater. However, where there is an opportunity to design a new facility with a reuse component, there is potential to achieve significant cost and energy savings by matching the level of treatment There is no institutional development that The efficient implementation of standards requires an adequate infrastructure could support and regulate the and institutional capacity to license, guide, and control polluting activities implementation of standards. and to enforce standards.
Reduction of health or environmental risks Decision makers and the population at large should be well informed about due to compliance with standards is not the benefits and costs associated with the maintenance of good water immediately perceived by decision makers quality, as specified by the standards.
or the population.
(and thus the investment in treatment technology and construction) to the intended reuse, as water quality standards for uses such as irrigation of forest plantations and cooling water for industrial processes may be much lower than standards for aquatic discharge. Also, for some irrigation applications it is necessary to reduce fertilization rates based on the increased nutrient content found in reclaimed water. Where possible, it will be important to implement a design flexible enough to accommodate future increases in demand for reclaimed water for the same application, as well as additional applications. This may require a phased approach to constructing treatment capacity and a design that does not preclude potential future treatment processes required for a broader range of water reuse applications.
Consider overall costs and benefits. As highlighted in the Hyderabad Declaration of 2002, wastewater irrigation can have significant positive livelihood implications for poor smallholder farmers (USEPA 2004). These cost benefits can be considerable-even where wastewater is used without ideal treatment, especially in a low-resource context where households are facing multiple health risks. These economic benefits might outweigh health risks to the farmer and his/ her family. Overly strict standards in these circumstances might be counterproductive, even for public health. In Ouagadougou and Lima, for example, farmers are not allowed to use treated wastewater as it does not meet ideal standards. As a result, farmers continue using untreated wastewater for crop production.
Where planned reuse is already being undertaken, there are at least two ways to strengthen its safety and sustainability for optimal benefits:
1. Transition to higher-value planned water reuse 2. Give greater consideration to environmental protection Both options for strengthening planned water reuse imply moving beyond the WHO guidelines focus on protecting human health. The first point above calls for a shift from viewing treatment of wastewater as an obligation, either to protect human health or to satisfy environmental regulations, to viewing it as an opportunity to exploit a valuable economic resource. There is, indeed, growing recognition on the part of governments, from Arizona to Saudi Arabia, that the sale of treated wastewater can generate valuable revenues (GWI 2009).
However, the greatest revenues come almost entirely from advanced water reuse applications, like potable water, which require more advanced treatment and as such are better suited to applications other than agriculture. A major constraint to unlocking the market potential of water reuse are policies in many countries that force utilities to provide treated wastewater -even wastewater treated to an advanced level -to the agriculture sector. A major key to tapping the high value potential of water reuse, therefore, is overcoming strict government regulations and the public perceptions that often drive them, in order to open the domestic and industrial sectors to greater use for treated water (GWI 2009).
It should be noted that liberalizing the allocation of reused water could result in a greater proportion of wastewater allocation to high-value, non-agriculture uses, possibly resulting in less water for agriculture. However, it is important to remember that this is not a zero-sum game. As highlighted above, there are large quantities of wastewater that are currently untreated and/or unused. It may very well be possible with treatment of growing volumes of wastewater, for example, to continue to provide reclaimed water to agriculture in addition to fostering increased reuse for higher-value applications, such as industrial and municipal applications.
Nonetheless, transitioning to higher-value uses can be hampered by the often low, subsidized price of drinking water, which drives down the sale price of recycled water, as well as the subsidized cost of sanitation and treatment services (Jimenez and Asano 2008) . Water pricing policies may need to be adopted that promote total water management, cost recovery of treatment, and service provision as a means of incentivizing water reuse.
Comparing the cost of highly-treated recycled water with the price of highly-subsidized potable or irrigation water is an economic fallacy. This common comparison ignores both the numerous benefits inherent in water reuse and externalized costs of potable water under nearly all circumstances. The more appropriate comparison takes into account both sets of economic values and services using sophisticated quantification methods that go beyond simplistic benefit/cost ratios or price-versus-cost comparisons.
In addition to transitioning to higher-value uses, a second way to strengthen the safety and sustainability of planned water reuse is to give greater consideration to environmental protection, enhancement, and restoration. Indeed, countries may decide to graduate from the WHO model and address environmental concerns along with public health issues. In particular, water quality standards and guidelines for environmental flows may be instated to promote a desired level of treatment and volumes to divert for reuse. Standards are often set to reflect the degree of pathogen and contaminant removal possible with best-available treatment technologies. An overall regulatory strategy for water reuse is typically driven by the economics of treatment and monitoring, as well as enforcement capacity (Jimenez and Asano 2008) . In the agricultural sector, water quality standards for water reuse on export crops may also be influenced by standards required by the importing countries or regions. These improvements would build on previous low-cost steps to reduce public health risks and toxic contamination at the source, as outlined in the Hyderabad Declaration (IWMI and IDRC 2002) .
FACTORS ENABLING SUCCESSFUL IMPLEMENTATION OF SAFE AND SUSTAINABLE WATER REUSE
Global experiences have demonstrated that choosing an appropriate set of technologies or regulations is not in itself sufficient to ensure the safety and sustainability of a given water reuse project, especially under resource-constrained conditions. A set of factors must be established to support the long-term functioning of the water reuse program to achieve sustainability. Some of these factors are discussed in this section.
Stakeholder process. Although participatory processes can take more time compared with less-participatory approaches, risk of failure will be reduced by explicit integration of all relevant institutions and stakeholders in the planning and design phases of water reuse schemes. This applies in particular to water reuse in agriculture, which links different sectors (sanitation, agriculture, health, and environment). While regulatory frameworks that govern wastewater treatment and reuse schemes are typically crafted at the national or regional level of government, it is usually the responsibility of local or municipal institutions to implement the programs, including long-term financing, cost recovery, operations and maintenance, and performance monitoring. In the case of Ghana, for example, treatment plants at universities, hospitals, and military camps were operated by the Ministries of Education, Health, and Defense, respectively (Murray and Drechsel 2011) . This places a significant responsibility on local institutions without ensuring their improved capacities. National-level frameworks are indeed a key enabling factor, as illustrated in the Nagpur, India case study [India-Nagpur] .
Another critical element of the multi-stakeholder planning process is involving the end users in the planning and design phases. If end-user preferences for reclaimed water volumes and quality are not taken into account during the planning phase, the end users may simply reject the plan or not be able to make full use of the provided water or not accept paying for the service. Also, the treatment technology selected for the project should consider local experience in what works and what does not. Involving representatives from the communities that both supply and use the treated water will facilitate negotiations and "water swaps." For example, farmers may be willing to transfer a portion of their freshwater allocations to meet urban water demand if they are provided access to treated, nutrientrich, and reasonably-priced reclaimed water for agricultural activities (Winpenny et al. 2010; Huibers et al. 2010) .
Transitioning from a traditional top-down approach to a user-centered approach for planning and design has the potential to achieve more sustainable outcomes (USEPA 2012, chapter 8).
Sustainable Financial and Institutional Capacity Management. Forward-minded consideration of financing and capacity building is critical to sustainability. Operation and maintenance costs are often underestimated, and high staff turnover is a key challenge of public sector projects such as those related to water reuse. These factors often drive a run-to-failure trajectory (Murray and Drechsel 2011) . Development of a longer-term strategy and/or involvement of the private sector could help avoid such an outcome. Although wastewater treatment plants are often publicly financed, the public-private partnership model is being piloted (e.g., Scheierling et al. 2010; ). Cost-recovery from irrigation is usually limited (Morris et al. 2005 ) unless the value propositions from wastewater treatment are extended to high end uses, or includes also energy recovery, fertilizer and soil ameliorants.
Public Outreach. A successful and sustainable water reuse program must integrate a public involvement campaign, particularly where the involved public will be consumers of the reclaimed water or the product developed using the reclaimed water (USEPA 2012, chapter 8). Just as a water reuse project may fail due to a lack of early stakeholder involvement, failure to garner public acceptance of water reuse through a well-conceived and implemented communication campaign can limit market demand for the product. There are several good examples of public acceptance campaigns for water reuse associated with potable reuse, irrigation and industrial reuse
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. Public outreach will be more challenging where risk awareness is low or hazards of multiple origins (water-borne, food-borne) affect households, such as in many low-resource settings. In these circumstances, a significant investment in risk education is required. Lessons can be learned from handwashing campaigns.
GLOBAL LESSONS LEARNED ABOUT WATER REUSE
We have a common challenge. Pressure on the world's water resources has been growing dramatically, and climate change is accentuating patterns of droughts and floods. Water scarcity is affecting communities around the world, presenting an incredible opportunity for collaboration. And as solutions are developed in one context, they can be adapted to new contexts. For example, the U.S. is one of the world's leaders in advanced water reclamation technologies and stands to benefit from taking advantage of low-cost, low-energy solutions being demonstrated as described in several case studies from outside of the U.S. 13 . Likewise, advances in salinity management and drip irrigation in agricultural reuse is a key topic for scientific exchange between the United States and countries in the Middle East and other arid regions. The world has learned a lot from Singapore's advanced reuse technology as well as its leadership in integrated management and holistic planning under its long-term water supply strategy called "Four National Taps." Regulators in the United States have gained insight from the experience of other countries setting national guidelines and regulations, notably Australia. Current challenges in reuse, including economic models for partial or full cost recovery and technical challenges in nutrient recovery and energy efficiency, are also opportunities for international exchange.
Fine tuning the treatment. The concept of "fit-forpurpose" is illustrated in many of the international case studies (see also Murray and Buckley 2010; Libhaber and Orozco-Jaramillo 2013) . In these reuse installations, careful study was conducted to ensure that the water produced would have the appropriate water quality for the intended use. Water reuse market growth is projected to take this approach-designing reuse for a specific purpose to achieve economic efficiency (GWI 2009). Both high-and low-tech solutions are imminently relevant to tuning our approaches, and as mentioned above, multiple endpoints may be appropriate for multi-purpose systems. Global experiences can help reuse planners answer the following questions: Is proposed solution matched to developmental context? Are we choosing the easiest solution or the best solution? How carefully have the options been weighed?
Increasing dialogue about water reuse in all corners of the world. Confidence in water and wastewater treatment technologies has grown among scientists and engineers, regulators and, increasingly, the general public such that the public and the decision-makers have security in the safety of reclaimed water. As the market grows, public awareness will increase, which has been shown to improve acceptance of and investment in reuse. Countries with only emerging wastewater collection and treatment systems will benefit from this dialogue if their opportunities and constraints are taken into account, for example, in view of any wastewater related target under the SDGs. The presented case studies show an encouraging spectrum of options where increased sanitation and wastewater management efforts in resource-constrained countries can move unplanned wastewater use to planned reuse, while taking advantage of modern treatment and non-or posttreatment options for safeguarding public health. With increasing population pressures for more available water resources, increasing recovery of the water resource from wastewater can help in meeting the total water needs of many nations.
